Sintered metallic porous structures have an application as capillary structures in two-phase heat transfer loops. In this work the manufacturing procedure of tubular porous structures for capillary pump application is discussed. The application of porous structures on capillary pumping systems requires porosity higher than 40% and pore size diameter lower than 20 µm. Carbonyl nickel powder with particle diameter between 3 and 7 µm and stainless steel AISI316L powder with particle diameter between 1 and 22 µm were used as raw material. Sintering under hydrogen atmosphere was performed both in a resistive furnace and in a plasma reactor. Temperature and time were the modified parameters to obtain suitable porosity and roundness on the samples. The porosity was measured using the Arquimedes Principle (MPIF-42), the roundness was evaluated using a simplified measurement technique of the sample diameter and the pore size distribution was determined by image analysis techniques. Images obtained by Scanning Electronic Microscopy were employed on the image analysis. The sintering parameters selected to manufacture nickel samples were 700 °C and 30 min resulting in a porosity of about 44%. The sintering parameters selected to manufacture stainless steel samples were 1000 °C and 30 min resulting in a porosity of about 40%.
Introduction
Porous structures are currently used in heat pipes, loop heat pipes (LHP´s) and capillary pumping loops (CPL´s). The porous structure is employed to generate the capillary pumping pressure required to transport a working fluid along two-phase heat transfer loops. Typical porous structures consist of grooved surfaces, wire meshes, screens or sintered metal powders 1, 2 . Sintered porous samples have been considered for capillary pump applications, using ammonia, acetone or propylene as working fluids 3, 4 . Porous structure manufacturing by sintering was suggested due to the capacity of control the sample porosity [5] [6] [7] . Sintering of steels is conventionally carried out in a furnace in a controlled atmosphere. Recently, an alternative technique has been developed using an abnormal glow discharge of argon and hydrogen gas mixture [8] [9] [10] [11] , which is characterized by the full covering of the cathode by the glow region 12 , supplying a uniform treatment. The principle of heating is based on the ion and fast neutrals bombardment of the sample. A negatively biased voltage was applied to the sample, acting as the discharge cathode, which generates an electric field in the cathode sheath, where ions are strongly accelerated. Collisions between ions and argon atoms or hydrogen molecules in the cathode sheath result in a flow of fast neutrals toward the cathode 12 . The bombardment of ions and fast neutrals heat the sample. As a consequence of the uniform treatment provided by the plasma technique, suitable temperature homogeneity was obtained 13 . Porous structures manufacturing by sintering was suggested due to the capacity of control the samples porosity 5, 6 . While porous material sintering using plasma was employed due to temperature homogeneity 7, 8 . The material choice depends on the working fluid selected and the required capillary action to pump the fluid. In general, LHP´s and CPL´s are efficient two-phase heat transfer devices to transport thermal energy, even at a very small temperature difference, without any external power requirements to pump the working fluid. Both, the LHP and the CPL use capillary forces to pump the working fluid from heat acquisition systems to heat rejecting devices. In heat pipes, the heat loads and the heat transfer distances are limited by reason of the large liquid flow resistance in the porous structure. The selection of a sample has to take into account the permeability and the effective capillary pumping pressure to displace the liquid from the condenser to the evaporator. The smaller the effective pores size the higher the capillary pumping pressure. On the other hand, the sample permeability decreases with decreasing pore size. So, an optimal pore size for the structure has to be determined.
Polyethylene, stainless steel, titanium and nickel are all compatible with the employed working fluids and can be used as pumping structure. Ceramic materials have been tested in these systems too. In general, metallic materials have higher wettability than polymeric materials and higher tenacity than ceramic materials, considering the usually employed working fluids, for example, ammonia, acetone and propylene. These characteristics do the metallic materials satisfactory to be employed in two-phase transfer systems. In this work the manufacturing procedure of tubular porous structures for capillary pump application is discussed. The procedures for the production by sintering and characterization of the porous structures are presented here. The porosity, pore size distribution and roundness of tubular samples made of nickel and stainless steel powders were analyzed. Porous structures have been produced by sintering tapped powders in order that the required parameters for capillary structures, such as porosity higher than 40% and pore radius smaller than 10 µm 9 .
Materials and Methods

Manufacturing
A tap powder sintering technique was used to manufacture the tubular porous samples in a stainless steel die. The sintering process was conducted in a commercial hydrogen controlled-atmosphere using a resistive furnace JUNG model TU-3513. The resistive furnace has not space to use the die at vertical position. Another route was employed to manufacture the samples in a plasma reactor with an atmosphere of 70% Ar -30% H 2 . The used plasma reactor can be observed in the Fig. 1 .
Carbonyl nickel powder (NP-123) and stainless steel AISI316L powder were used as raw materials. They are compatible with ammonia and others working fluids typically used in heat pipes, LHP's and CPL's. The nickel powder carbonyl 123 was provided by Inco Co. (USA) with a particle size in the range of 3 to 7 µm (specific surface area: 0.3 -0.4 m 2 /g). The shape of the NP-123 is spherical and its surface has many spikes. The used stainless steel powder has a particle size in the range of 1 to 22 µm and a D90 of 20 µm. The stainless steel powder is spherical, uniform and smooth. Preliminary nickel samples manufacturing tests showed that the sintering time of 30 min is appropriate. A sintering schedule was fixed to manufacture the nickel samples, with selected time of 30 min and temperatures in the range of 600 to 700 °C, varying at 50 °C intervals. Another sintering schedule was fixed to manufacture the stainless steel samples, with selected time of 30 min and temperatures in the range of 950 to 1000 °C, varying at 25 °C intervals. Each sintering temperature schedule was repeated six times to increase data reliability for porosity and roundness of the tubular samples.
Porosity
The total porosity of the samples was first determined by the Arquimedes method according to Eqs. 1 and 2, where, ε is the volumetric fraction of pores of the sample (%), ρ is the apparent specific mass (g/cm 3 ), ρ Ni is the specific mass of the nickel (ρ Ni = 8.9 g/cm 3 ), E is the thrust of the material immerged in mercury (ρ Hg = 13.6 g/cm 3 ), m is the mass (g) and g is the gravitational acceleration (m/s 2 ). For the meas- urements, an electronic scale Mars model A1600 (resolution: 0.01 g) was employed.
(1)
Roundness
The roundness is another important parameter to be considered in the manufacturing process. The lower the diameter deviation (roundness) the lower the thermal resistances to the heat transfer. For capillary pump applications no gaps are desirable, since they increase the thermal resistance, reducing the heat transfer and the heat load capacity. In order to get an appropriate fitting inside the capillary pumping devices, the external diameter is the geometric parameter of the sample that must be strongly controlled. So the roundness was measured for each group of 4 samples submitted to the same sintering conditions. A total of ten measurements (φ j ), along every sample, were made to obtain a mean value for the diameter (φ m ). The roundness (λ) was determined by Eq. 3, where n is the total number of measurements and j = 1 to n. 
Image analysis
The image analysis technique was used to determine the pore size distribution in two-dimensional (2D) binary images of the microstructure. The levels of porosity, as well as the pore size distribution, were measured on images acquired by SEM from a set of samples prepared in the laboratory. From the same samples, manufactured in plasma reactor, images were acquired by optical microscopy. The pore size distribution is obtained by successive aperture, a morphological operation, by balls of increasing radius 10 . Basically, the method consists in the comparison of the pores image with a pattern. The resulting image after the application of the aperture, with a given ball radius, can be seen as the union of balls completely enclosed in the porous phase. Thus, after the aperture, the image contains the pores with radius larger than the radius of the ball. A computer program named IMAGO was used, where aperture is performed with octagonal balls generated by a quasi-Euclidian metric, the d 3-4 metric 11 . The cumulative porous distribution is given by Eq. 4, where e is the total porosity of the original image and ε(r) is the porosity of the image after the aperture by a ball with radius r 12 .
(4)
Results
Manufacturing
The first step to manufacture a porous sample was to identify the optimal sintering parameters with respect to time and temperature. Porosity, roundness and pore size distribution were analyzed to determine the most appropriate sintering temperature. Sintered nickel and stainless steel samples with length of 10 cm and diameter of 2 cm can be observed in Figs. 2a and 2b respectively. These samples were sintered in a resistive furnace.
Porosity
The porosity values for the tubular samples produced with nickel powder and stainless steel powder are plotted in Figs. 3a and 3b respectively. The porosity was not affected by furnace type because all samples were sintered inside the die. For nickel samples a porosity level in the range of 43.7 to 51.9 vol.% was found. Besides that, the porosity samples showed dependence on the sintering temperature. For stainless steel a porosity level in the range of 35.4 to 40.7 vol.% was found. With this material, the porosity samples did not show dependence on the tested sintering temperature.
Although high porosity is advantageous for use in cap- illary pumps, this implies in a lower mechanical resistance. In this work, the mechanical resistance was not measured directly. It was assumed that the sample has a satisfactory mechanical resistance since it can support the compressive efforts during the assembly of the heat transfer device.
Roundness
The diameter deviation values for the tubular samples produced with nickel powder and stainless steel powder are plotted in Fig. 4a and 4b respectively.
The diameter deviation of the porous structures produced from the NP-123 (approximately 1%) makes it difficult to fit them inside the heat transfer devices. In order to assemble the heat transfer devices with NP-123 samples, it was neces- sary to machine them. Probably, the diameter deviation difference showed in Fig. 4a is due to the die position during the sintering -vertical in the plasma reactor and horizontal in the furnace. The diameter deviation of the porous structures produced from the stainless steel powder (approximately 0.5%) makes it possible to fit them inside the heat transfer devices. The die position and furnace type did not change the diameter deviation of stainless steel samples as showed in Fig. 4b . The stainless steel samples present higher diameter deviation than nickel samples due to the stainless steel samples present lower shrinkage than nickel samples.
Image analysis
The microphotographs of a nickel sample obtained by Scanning Electronic Microscopy (SEM) and a stainless steel sample obtained by optical microscopy are shown in Fig. 5 . Two methods of image acquisition were employed, and the results obtained by image analysis were the same for both. The porosity obtained by image analysis is showed in the Table 1 , where is shown the comparison with the experimental porosity. An acceptable agreement can be observed on the porosity results.
In Fig. 6 the pore size distribution curves for the sintered nickel samples are shown. The pore radius varies from 0.5 to 7 µm and the medium pore radius decreases with the increase of the temperature. The average pore radius is about 1.5 µm and D 50 is about 1.3 µm to samples sintered at 700°C . In Fig. 7 the pore size distribution curves for the stainless steel samples are shown. There is only a curve to samples sintered at 1000 °C for 30 min because the tested sintering parameters did not influence the pore size distribution. The pore radius varies from 0.5 to 8 µm, the average pore radius is about 2 µm and D 50 is about 1.6 µm.
It is important to control the pore size for the capillary pumping structures. The smaller the pores size, the higher the capillary pumping pressure. In addition, it is important to observe that the largest interconnected pores will determine the effective capillary pressure.
Conclusions
Nickel powder and stainless steel powder were considered satisfactory as raw materials for the production of capillary structures to be used in capillary pumping systems.
Presented results considered, the best nickel samples were manufactured at 700 °C/30 min.The nickel samples presented the required porosity level (≅ 40%), diameter deviation (≅ 1%), and acceptable mechanical resistance. Image analyzes was employed to determine the porous size distribution showing that the pore radius varies from 0.5 to 7 µm, the average pore radius is about 1.5 µm and the D 50 is about 1.3 µm.
Presented results considered, the best stainless steel samples were manufactured at 1000 °C/30 min.The stainless steel samples also presented satisfactory porosity level (≅ 40%), diameter deviation (≅ 0.5%), and acceptable mechanical resistance. Image analysis was employed to determine the porous size distribution showing that the pore radius varies from 0.5 to 8 µm, the average pore radius is about 2 µm and the D 50 is about 1.6 µm.
